1. Introduction {#sec1-ijms-18-01366}
===============

Colorectal cancer (CRC) is the third most frequent cancer and the second leading cause of cancer death in the world, in both women and men \[[@B1-ijms-18-01366],[@B2-ijms-18-01366]\]. The management of patients with CRC is very complex \[[@B3-ijms-18-01366],[@B4-ijms-18-01366],[@B5-ijms-18-01366]\]; therapeutic decisions are generally based on the tumor stage established at the time of diagnosis \[[@B6-ijms-18-01366],[@B7-ijms-18-01366]\]. Despite the high incidence of this neoplasia, the majority of patients newly diagnosed with CRC have a localized early stage disease that is suitable for curative surgical resection \[[@B8-ijms-18-01366]\]. In stage III colon cancer that presents with ganglion involvement, administration of adjuvant chemotherapy (CT) is recommended, in addition to surgical intervention to reduce the likelihood of relapse and increase the chances of cure. The use of adjuvant treatment in stage II CRC is more controversial, due to the lower risk of recurrence \[[@B9-ijms-18-01366]\]; thus, adjuvant CT is considered an acceptable treatment option in stage II CRC only for patients at high-risk \[[@B3-ijms-18-01366]\]. Standard adjuvant regimens include oxaliplatin (OXA) combined with folinic acid/5-fluorouracil (5-FU) or capecitabine (XELOX) \[[@B3-ijms-18-01366],[@B8-ijms-18-01366]\]. Compared to the use of fluoropyrimidines (FLs; i.e., 5-FU/folinic acid or capecitabine) as a single agent, the combination with the platinum derivate significantly increased response rates and improved survival chances \[[@B3-ijms-18-01366],[@B9-ijms-18-01366],[@B10-ijms-18-01366]\]. On the other hand, the addition of OXA to FLs was burdened by a higher incidence of toxicity. Several patients experienced mild or moderate side effects at some point during treatment \[[@B11-ijms-18-01366],[@B12-ijms-18-01366]\]. The toxicity profile of the FLs/OXA combination is well-documented; the most frequently reported serious (≥G3) adverse events of these regimens in Western populations are hematologic (neutropenia in 40--56% of patients) and gastrointestinal (GI) events (diarrhea in 10--15% of patients), linked to FLs administration, and peripheral sensory neuropathy \[[@B13-ijms-18-01366],[@B14-ijms-18-01366]\], linked to acute and cumulative doses of OXA \[[@B12-ijms-18-01366]\]. Neurotoxicity may be irreversible, and/or it may last long after cessation of CT in 10--20% of patients \[[@B12-ijms-18-01366]\].

Pharmacogenomics has been largely applied in recent years to the personalization of adjuvant treatments for CRC \[[@B15-ijms-18-01366],[@B16-ijms-18-01366]\]. Several candidate-gene investigations \[[@B17-ijms-18-01366],[@B18-ijms-18-01366],[@B19-ijms-18-01366]\] and more recently, genome-wide association studies, have demonstrated that functional germline polymorphisms involved in the OXA and FLs pathways could contribute to inter-individual differences in the pharmacokinetics and toxicity profiles of patients \[[@B20-ijms-18-01366]\]. In particular, to explain the variability in individual toxicity profiles, research efforts have focused on folate pathway markers (i.e., *DYPD*, *TYMS*, *MTHFR*) related to FLs toxicity; and they have focused on oxidative pathways (i.e., *GSTs*) and the DNA repair enzyme system (i.e., *ERCC1-2*, *XRCC1*, *MSH*) related to OXA toxicity \[[@B21-ijms-18-01366],[@B22-ijms-18-01366],[@B23-ijms-18-01366],[@B24-ijms-18-01366]\]. Our group had also generated important results, which identified predictive markers of G3-4 toxicity, including variants in genes that encoded membrane transporters (*MRP1*, *MRP2*) and DNA repair enzymes (*MHS6*, *XRCC3*), in the same cohort evaluated here \[[@B25-ijms-18-01366]\]. However, it was difficult to draw definitive conclusions based on currently available studies, due to the significant methodological drawbacks linked to study designs (i.e., retrospective analyses, small sample sizes, lack of data validation) and the high population heterogeneity \[[@B21-ijms-18-01366]\]. Despite the great efforts made to identify genetic determinants of G3-4 toxicity in FLs/OXA-based therapy, we remain far from realizing optimized treatments, based on a set of validated genetic biomarkers \[[@B15-ijms-18-01366]\]. This shortcoming probably reflects insufficient knowledge of the biological mechanisms underlying the toxicity linked to FLs and OXA, and it suggests the involvement of pathways other than those investigated to date.

Recent preliminary evidence has indicated that the antitumor effects of platinum derivates partly arise from modulation of the immune system. These immunogenic effects include, among others, modulation of signal transducer and activator of transcription (STAT) signaling and enhancement of immune effector responses \[[@B26-ijms-18-01366],[@B27-ijms-18-01366]\]. Immune processes have also been reported to play a key role in the pathogenesis of FLs-related GI toxicity. In particular, inflammatory mediators, such as tumor necrosis factor- α (TNF-α) and interleukin-1β (IL-1β), were implicated in the complex mechanism underlying the toxic damage to GI epithelium (i.e., mucositis) induced by some CTs, including 5-FU \[[@B28-ijms-18-01366]\]. The *human leukocyte antigen-G* (*HLA-G*) locus is a non-classic major histocompatibility complex (MHC) class I gene which exhibits well recognized immune-inhibitory effects on both innate and adaptive immune responses \[[@B29-ijms-18-01366],[@B30-ijms-18-01366],[@B31-ijms-18-01366]\]. HLA-G is highly expressed in immune privileged sites, such as trophoblasts during placentation, and its distribution is restricted in normal tissues \[[@B32-ijms-18-01366]\]. Nevertheless, HLA-G participates in the tumor escape phenomenon \[[@B31-ijms-18-01366],[@B33-ijms-18-01366]\] because its expression can be induced in pathological conditions, like cancer \[[@B34-ijms-18-01366]\]. HLA-G overexpression has been observed in primary CRC lesions \[[@B35-ijms-18-01366],[@B36-ijms-18-01366]\] and it was associated with reduced overall survival \[[@B37-ijms-18-01366],[@B38-ijms-18-01366]\]. In fact, soluble HLA-G is considered a marker for CRC \[[@B39-ijms-18-01366],[@B40-ijms-18-01366]\]. Genetic variations in the untranslated regions (UTRs) of *HLA-G*, particularly in the 3′UTR, were shown to be involved in *HLA-G* regulation \[[@B41-ijms-18-01366],[@B42-ijms-18-01366]\]. In this non-coding region, single nucleotide polymorphisms (SNPs) play a prominent role in influencing *HLA-G* RNA turnover, stability, splicing \[[@B43-ijms-18-01366],[@B44-ijms-18-01366]\], and therefore, HLA-G protein expression \[[@B45-ijms-18-01366]\]. Some 3′UTR SNPs of the *HLA-G* gene were shown to be independently associated with cancer susceptibility \[[@B46-ijms-18-01366],[@B47-ijms-18-01366],[@B48-ijms-18-01366]\], and recently, with CRC prognosis \[[@B49-ijms-18-01366]\]. However, no data have been reported to date regarding the role of *HLA-G* variants in the modulation of CT-related toxicity in CRC and in other tumor settings. The present study aimed to evaluate a panel of 8 *HLA-G* 3′UTR polymorphisms and determine their effects on the risk of G3-4 cumulative toxicity related to adjuvant folinic acid/5-fluorouracil/oxaliplatin-based (FOLFOX4-based) therapy in 144 patients with non-metastatic CRC. Our goal was to define novel genetic markers that may improve differential predictions of the risk of toxicity.

2. Results {#sec2-ijms-18-01366}
==========

2.1. Patient Characteristics {#sec2dot1-ijms-18-01366}
----------------------------

The main demographic and clinical characteristics of eligible patients with CRC (*n* = 144) are shown in [Table 1](#ijms-18-01366-t001){ref-type="table"}.

The majority of tumors were in stage III at the time of diagnosis (*n* = 123, 85.4%), and the most common primary tumor site was the colon (*n* = 111, 77.1%). Adjuvant CT was homogenously administered as 5-FU plus OXA, according to the FOLFOX4 regimen, in all patients \[[@B25-ijms-18-01366]\]. Out of 33 patients with primary rectal cancer, 19 (57.6%) received neo-adjuvant radiotherapy. About half of the patients (*n* = 73; 50.7%) experienced at least one G3-4 adverse event ([Table 2](#ijms-18-01366-t002){ref-type="table"}); the most common (*n* = 53, 36.8%) hematological adverse event was G3-4 neutropenia; the most frequent non-hematological G3-4 toxicities were diarrhea (*n* = 16, 11.1%) and vomiting (*n* = 5, 3.5%).

2.2. Germline HLA-G 3′UTR Polymorphisms and Haplotypes {#sec2dot2-ijms-18-01366}
------------------------------------------------------

Nine germline SNPs in the *HLA-G* 3′UTR that were previously genotyped \[[@B49-ijms-18-01366]\] were considered in this study. Only 8 polymorphisms had ≥5% variant allelic frequency (rs371194629, rs1707, rs1710, rs17179101, rs17179108, rs1063320, rs9380142, and rs1610696) and were included in the analysis. All selected SNPs exhibited genotype distributions that conformed to the assumptions of the Hardy-Weinberg equilibrium. We observed strong linkage disequilibrium between +3010 C\>G and +3142 G\>C polymorphisms (not shown), as previously reported \[[@B49-ijms-18-01366]\]. Finally, the PHASE method was employed to reconstruct the *HLA-G* 3′UTR haplotypes from the unphased gametic genotype data at the eight variation sites for each of the 144 patients with CRC. A total of 12 different haplotypes ([Table S1](#app1-ijms-18-01366){ref-type="app"}) were defined, and all were previously described \[[@B49-ijms-18-01366],[@B50-ijms-18-01366]\]. The most highly represented haplotypes were (in descending order): UTR-2 (103/288, 35.8%), UTR-1 (74/288, 25.7%), UTR-3 (41/288, 14.2%), UTR-4 (27/288, 9.4%), UTR-7 (17/288, 5.9%), UTR-5 (11/288, 3.8%), and UTR-6 (9/288, 3.1%). These seven haplotypes represented more than 97% of the total, but UTRs 1--4 accounted for 84.4%. Only haplotypes with frequencies \>1% were included in the statistical analysis.

2.3. New Discoveries of Germline HLA-G 3UTR SNPs and G3-4 Toxicities {#sec2dot3-ijms-18-01366}
--------------------------------------------------------------------

Our exploratory analysis with adjusted logistic regression models found significant associations between specific *HLA-G* 3UTR SNPs and G3-4 hematological toxicity, neutropenia, and neurotoxicity. In particular, rs1707 SNP was associated with reduced risk of G3-4 hematological toxicity (OR = 0.35, 95% CI: 0.12--0.98, *p* = 0.046), according to the dominant model ([Table 3](#ijms-18-01366-t003){ref-type="table"}), and rs1610696 SNP was associated with increased risk of hematological toxicity (OR = 3.34, 95% CI: 1.16--9.59, *p* = 0.025), according to the recessive model. Only rs1610696 SNP was predictive of G3-4 neutropenia (recessive, OR = 3.76, 95% CI: 1.29--10.96, *p* = 0.015) ([Table 4](#ijms-18-01366-t004){ref-type="table"}). We found that G3-4 neurotoxicity was associated with rs371194629 (OR = 5.49, 95% CI: 1.21--24.85, *p* = 0.027) and rs1610696 (OR = 8.78, 95% CI: 1.50--51.44, *p* = 0.016) polymorphisms ([Table 5](#ijms-18-01366-t005){ref-type="table"}), both in the recessive model. None of the polymorphisms and/or haplotypes investigated was predictive of G3-4 non-hematological toxicities. Of note, significant associations with ≥G2 non-hematological, hematological, neutropenia, or neurological toxicities were not found. Bootstrap internal re-sampling confirmed the significant associations between rs1610696 SNP and three G3-4 toxicities: hematological (*p* = 0.038, [Table 3](#ijms-18-01366-t003){ref-type="table"}), neutropenia (*p* = 0.042, [Table 4](#ijms-18-01366-t004){ref-type="table"}), and neurotoxicity (*p* = 0.019, [Table 5](#ijms-18-01366-t005){ref-type="table"}); also, rs371194629 SNP remained associated with neurotoxicity (*p* = 0.022, [Table 5](#ijms-18-01366-t005){ref-type="table"}).

2.4. Associations between HLA-G 3′UTR Haplotypes and G3-4 Toxicities {#sec2dot4-ijms-18-01366}
--------------------------------------------------------------------

Haplotypes of the *HLA-G* 3′UTR were also investigated to define the possible combinatorial effects of *HLA-G* 3′UTR polymorphisms on the risk of developing G3-4 toxicities with adjusted logistic regression models ([Table 6](#ijms-18-01366-t006){ref-type="table"}). The UTR-2 (InsTCCCGAG) haplotype was associated with increased risk of hematological toxicity (recessive, OR = 3.46, 95% CI: 1.14--11.52, *p* = 0.028), and the UTR-4 (DelCGCCCAC) haplotype was associated with reduced risk of hematological toxicity (dominant, OR = 0.35, 95% CI: 0.12--0.98, *p* = 0.046). G3-4 neutropenia was associated with UTR-2 (recessive, OR = 3.92, 95% CI: 1.28--12.07, *p* = 0.017) and UTR-6 (DelTGCCCAC) (dominant, OR = 4.77, 95% CI: 1.07--21.20, *p* = 0.040) haplotypes. Finally, G3-4 neurotoxicity was associated with the UTR-2 (recessive, OR = 11.29, 95% CI: 1.84--69.40, *p* = 0.009) haplotype. Among these haplotypes, only the association between UTR-2 and G3-4 neurotoxicity was internally validated (*p* = 0.019, [Table 6](#ijms-18-01366-t006){ref-type="table"}).

3. Discussion {#sec3-ijms-18-01366}
=============

Fluoropyrimidines and platinum-based CTs are greatly complicated by their associated side effects. In the last few decades, several polymorphic genetic variants were intensely investigated in different tumor settings. Of those, some were identified as potential predictors of toxicity, but the data were not robust, particularly data related to OXA-toxicity \[[@B20-ijms-18-01366],[@B22-ijms-18-01366]\]. Hence, we reasoned that other, under-explored elements might significantly contribute to the likelihood of developing severe complications after adjuvant CT.

In light of the immune inhibitory nature of the HLA-G molecule \[[@B33-ijms-18-01366],[@B51-ijms-18-01366]\], we aimed to find novel genomic markers of G3-4 toxicity among polymorphisms and related haplotypes in the 3′UTR of the *HLA-G* gene. We studied a set of 144 patients with non-metastatic (stage II-III) CRC, after curative resections and FOLFOX-based CT. To the best of our knowledge, this study was the first to explore the potential of *HLA-G* 3′UTR SNPs in predicting the risk of CT-related toxicities. Our present data represent the first evidence that rs1610696 and rs371194629 markers and the related UTR-2 haplotype could predict the likelihood of experiencing a G3-4 toxicity. No previous studies have described the role of these variants as predictors of severe adverse effects in CRC as well as in other cancer types. Anyway, some studies have described the impact of the same variants on tumor recurrence, overall survival and cancer risk. In particular, focusing on CRC setting, patients with non-metastatic CRC that carried the rs371194629-14-bp *Ins* allele exhibited prolonged disease-free survival after FLs/OXA based CT \[[@B49-ijms-18-01366]\] and reduced CRC susceptibility \[[@B46-ijms-18-01366]\]. In addition, considering other tumor types, some studies reported a significant correlation between the rs371194629-*Del/Del* genotype and reduced overall survival in patients with chronic lymphocytic leukemia \[[@B52-ijms-18-01366]\] and diffuse large B-cell lymphoma after immunochemotherapy \[[@B53-ijms-18-01366]\]. The rs1610696 SNP did not show any value as a prognostic marker \[[@B49-ijms-18-01366]\], but similar to rs371194629, it was linked to increased CRC risk, particularly the rs1610696-*G/G* form, in the context of homozygous UTR-2 \[[@B46-ijms-18-01366]\]. In vitro functional data and in vivo phenotypic evidence are available only for rs371194629 SNP; specifically, the presence of the rs371194629-+14-bp *Ins* allele was demonstrated to be associated with unstable *HLA-G* mRNAs, and therefore, lower levels of the protein \[[@B43-ijms-18-01366]\]. The effects of the other significantly predictive markers remain to be elucidated. Considering the few functional and phenotypic data available for the rs1610696 and rs371194629 variants, it is difficult to formulate a reliable hypothesis to explain the biological mechanism that underlies the observed associations. Lately, the predictive value regarding the genetic predisposition to express different levels of HLA-G was explored in different human cancer cell lines with in vitro functional approaches \[[@B54-ijms-18-01366]\], confirming the intermediate producer signature for UTR-2 haplotype \[[@B45-ijms-18-01366]\]. Moreover, the influence of specific endogenous factors (i.e., RNA-binding proteins and microRNAs), characterizing each cellular type with a particular *HLA-G* 3′UTR haplotype, was highlighted and is currently under investigation by the authors \[[@B52-ijms-18-01366]\]. Recent evidence from both basic and clinical studies has suggested that, in addition to the classical mechanism of drugs binding covalently to DNA, the mechanism of action of platinum-based (including OXA) and FL drugs \[[@B26-ijms-18-01366],[@B27-ijms-18-01366],[@B28-ijms-18-01366]\] could involve immunogenic processes. In recent years, intense interest has driven researchers to investigate the immune system's ability to recognize and then destroy cancer cells \[[@B55-ijms-18-01366]\]. This study demonstrated that the *HLA-G* 3′UTR SNPs, rs1610696, rs371194629, and the UTR-2 haplotype, should be considered markers with potential clinical value in predicting G3-4 CT-toxicities, particularly toxicities related to neuropathy.

In light of evidence from recent studies that HLA-G is a potent regulator of host immune defenses in patients with cancer and its impact in CRC survival \[[@B46-ijms-18-01366],[@B49-ijms-18-01366]\], we hypothesized that HLA-G might confer tolerance to the inflammatory/immune status induced by drug treatments in CRC. Furthermore, given that platinum-based drugs were associated with enhanced immune system activation, we could not exclude the possibility that HLA-G might play a biological role in the modulation of drug-induced toxicities. However, there is currently a lack of robust data about the functional and biological roles of the *HLA-G* markers analyzed. Therefore, it is difficult to formulate a more detailed hypothesis to explain the mechanisms that might underlie the observed phenotypic effects.

Several life-threatening complications are associated with CT, particularly neurotoxicity, which represents the main dose-limiting toxicity. These complications could have a major impact on the quality of life of patients. Moreover, the adverse reactions associated with FLs/OXA regimens could lead to a dose reduction, treatment delay, and/or therapy suspension, which might potentially compromise the efficacy of FLs/OXA-based therapy and patient benefit. In the context of the immunomodulatory role of HLA-G as an immune checkpoint molecule in cancer \[[@B51-ijms-18-01366]\] and the complex regulation of soluble HLA-G protein expression related to *HLA-G* 3′UTR SNPs and haplotypes \[[@B54-ijms-18-01366]\], our findings represent new advances in the understanding of *HLA-G*.

This study had some limitations. Despite the internal validation (bootstrap analysis), which confirmed some results (particularly rs1610696, rs37119462, and UTR-2), we lacked an independent external validation cohort. Other limitations were the small sample size (*n* = 144) and the retrospective nature of the study. Nonetheless, our analyses resulted in the novel discovery that the *HLA-G* 3′UTR polymorphisms hold value as predictive markers of G3-4 toxicities. Our findings could shed light when exploring the immunogenetic profiles of patients for personalized treatments focused on CRC \[[@B56-ijms-18-01366]\]. Future functional experiments will be required to explore the biological significance of these *HLA-G* 3′UTR markers, once validated, and their involvement in CT-related toxicity. Thus, these preliminary results might have important clinical implications in the management of CRC treatment with adjuvant FLs/OXA-based therapy. Further research is warranted to find novel predictive genetic biomarkers that could be used in clinical practice to reduce morbidity and mortality resulting from CT toxicity.

4. Patients and Methods {#sec4-ijms-18-01366}
=======================

4.1. Patient Characteristics, Study Design, and Toxicity Evaluation {#sec4dot1-ijms-18-01366}
-------------------------------------------------------------------

This retrospective study included data from 144 patients with stage II--III CRC that underwent resections with curative intent. The data were retrieved from previous prospective pharmacogenetic \[[@B25-ijms-18-01366]\] and retrospective immunogenetic \[[@B49-ijms-18-01366]\] multicenter studies. Patient eligibility criteria were: histopathologically confirmed stage II--III CRC; radiologically-confirmed absence of distant metastasis; age \>18 years; performance status (WHO) 0--2; normal bone marrow, renal, and liver function; and Caucasian ethnicity. Patients were enrolled in centers located in northern and central Italy. Written informed consent was obtained from all participants for the use of blood samples and clinical data for research purposes. The study was approved by the Institutional Review Board of the participating institutes (code CRO-31-2005, 15 September 2005). After diagnosis, eligible patients underwent primary surgery and were treated with a FOLFOX4 regimen, as previously described \[[@B25-ijms-18-01366]\]. Adjuvant CT was continued until completion of the planned cycles, recurrence, toxicity, or patient refusal. The primary endpoint of this study was cumulative G3-4 toxicity (hematological, non-hematological, neutropenia, and neurotoxicity), developed during FOLFOX4 therapy. For each toxicity endpoint, we evaluated the highest grade of toxicity recorded during the treatment to determine associations with *HLA-G* polymorphisms and haplotypes. Toxicity was evaluated according to NCI-CTC criteria version 2.0 (<http://ctep.cancer.gov/>), as previously described \[[@B25-ijms-18-01366]\]. Briefly, objective clinical evaluations, blood counts, and hepatic and renal function tests were performed within 48 h prior to each cycle. Patients were questioned about nausea and vomiting, mucositis, diarrhea, asthenia (i.e., fatigue, malaise, and weakness), and appetite at the end of every cycle. Neurotoxicity was evaluated according to the OXA-specific scale \[[@B25-ijms-18-01366]\]. Chemotherapy was delayed until recovery from hematological toxicities or any significant, persisting, non-hematological toxicity. In the event of G3-4 toxicity, the doses of OXA and 5-FU were reduced by 25 or 50%, based on the physician's evaluation. Treatment was discontinued in the event of an anaphylactic reaction, repeated G3-4 toxicity despite a dose reduction, or patient refusal. Due to revisions of the clinical data collected, there are slight differences between the data used in this study and those previously published \[[@B25-ijms-18-01366]\].

4.2. HLA-G 3′UTR Polymorphisms and Genotyping Assay {#sec4dot2-ijms-18-01366}
---------------------------------------------------

We retrieved germline data collected in a previous study \[[@B49-ijms-18-01366]\] from this cohort of patients with stage II--III CRC. That data described nine *HLA-G* 3′UTR SNPs ([Table S2](#app1-ijms-18-01366){ref-type="app"}), as follows: rs371194629 (+2960 14-bp INDEL or +2960 14-bp Del/Ins), rs1707 (+3003 T\>C), rs1710 (+3010 C\>G), rs17179101 (+3027 C\>A), rs17179108 (+3035 C\>T), rs1063320 (+3142 G\>C), rs9380142 (+3187 A\>G), rs1610696 (+3196 C\>G), and rs123331 (+3227 G\>A). Briefly, genomic DNA from peripheral blood was extracted by using the EZ1 DNA Blood Workstation (QIAGEN Inc., Valencia, CA, USA). The 3′UTR of the *HLA-G* gene was amplified by polymerase chain reaction (PCR) using the already published \[[@B41-ijms-18-01366]\] primers HLAG8F: 5′-TGTGAAACAGCTGCCCTGTGT-3′ and HLAG8R: 5′-GTCTTCCATTTATTTTGTCTCT-3′. PCR reactions were carried out in a final volume of 30 μL containing 1.25 mM MgCl2, 0.25 mM of each dNTPs, 5 pmol of each primer, about 50--200 ng of genomic DNA template, 1× PCR Buffer and 0.5 units of AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA). The PCR cycles were as follows: 5 min of initial denaturation at 94 °C, 30 cycles of 45 s at 95 °C, 45 s at 56 °C, 60 s at 72 °C, and the final extension step at 72 °C for 7 min. Purified reactions (1--2 μL) were sequenced (Sanger method) by the use of the Big Dye Terminator kit (Applied Biosystems, Foster City, CA, USA) and an ABI PRISM capillary sequencer with the reverse HLAG8R primer to prevent sequence overlaps in heterozygous 14-bp samples \[[@B49-ijms-18-01366]\]. Chromatograms were visualized with Chromas software version 2.01 (Technelysium Pty Ltd, South Brisbane, Australia) and all SNPs detected were recorded for each study participant.

4.3. Statistical Analyses {#sec4dot3-ijms-18-01366}
-------------------------

This study was designed to test the association between genetic polymorphisms and a wide spectrum of toxicities, namely G3-4 neutropenia and hematological, non-hematological, and neurological toxicities. Odds ratios and 95% confidence intervals (CI) were computed with logistic regression modeling. Models for neutropenia and hematological toxic effects were adjusted for patient age and sex and treatment with neo-adjuvant therapy (yes/no). The estimates for neurological toxic effects were also adjusted for the cumulative OXA dose, normalized by body surface area (mg/m^2^). Dominant, recessive, and additive genetic models were considered for each genotype, including heterozygous and homozygous genotypes. The most statistically significant genetic model was selected according to the Wald *χ*^2^ test. The significance level was set at *p* \< 0.05 (two-sided). Results were internally validated with a bootstrap analysis, where the total number of re-samplings was fixed to 1000. Logistic regression analyses were performed with SAS software (version 9.4, SAS Institute, Cary, NC, USA). The R statistical package (version 3.3.1, R Foundation for Statistical Computing, Vienna, Austria) was used for bootstrap internal validations.

This work was supported by the AIRC5x1000 (No.12214) Special Program on Molecular Oncology (Application of advanced nanotechnology in the development of innovative cancer diagnostic tools).

Supplementary materials can be found at [www.mdpi.com/1422-0067/18/7/1366/s1](www.mdpi.com/1422-0067/18/7/1366/s1).
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ijms-18-01366-t001_Table 1

###### 

Eligible patient characteristics (*n* = 144).

  Variable                                          *n* (%)
  ------------------------------------------------- ------------------
  Median age, years (range)                         61 (24--82)
  Male                                              82 (56.9)
  Female                                            62 (43.1)
  Primary tumor site                                
  Colon                                             111 (77.1)
  Right                                             37 (25.7)
  Left                                              69 (47.9)
  Transverse/Sigma                                  5 (3.5)
  Rectum                                            33 (22.9)
  Stage at diagnosis                                
  II                                                21 (14.6)
  III                                               123 (85.4)
  Neo-adjuvant RT (only for rectum)                 
  Yes                                               19 (57.6)
  No                                                14 (42.4)
  Median number of CT cycles (range)                10.3 (1--12)
  Patients that received all 12 planned CT cycles   79 (54.9)
  Total (mg) oxaliplatin dose                       
  Median (range)                                    1455 (145--2166)
  Dose per m^2^ (mg/m^2^): median (range)           819 (84--1050)

RT: radiotherapy; CT: chemotherapy.

ijms-18-01366-t002_Table 2

###### 

Common cumulative toxicities reported in patients after folinic acid/5-fluorouracil/oxaliplatin (FOLFOX4) treatment.

  Toxicity Type                          Patients with G3-4 Events (*n* = 144)   
  -------------------------------------- --------------------------------------- ------
  Hematological                          55                                      38.2
  Anemia                                 0                                       0.0
  Fever with severe neutropenia          2                                       1.4
  Leucopenia                             7                                       4.9
  Neutropenia                            53                                      36.8
  Thrombocytopenia                       1                                       0.7
  Non-Hematological                      27                                      18.8
  Alopecia                               0                                       0.0
  Asthenia                               0                                       0.0
  Cardiac                                1                                       0.7
  Constipation                           1                                       0.7
  Diarrhea                               16                                      11.1
  Hepatic (hyperbilirubinemia)           1                                       0.7
  Infection without severe neutropenia   0                                       0.0
  Mucositis                              2                                       1.4
  Nausea                                 3                                       2.1
  Vomiting                               5                                       3.5
  Neurotoxicity                          10                                      6.9

ijms-18-01366-t003_Table 3

###### 

Associations between *HLA-G* 3′UTR SNPs and G3-4 hematological toxicity.

  *HLA-G* 3′UTR SNP   SNP ID        Alleles   Genotypes   *n*   Most Significant Genetic Model   Bootstrap                   
  ------------------- ------------- --------- ----------- ----- -------------------------------- ------------------- ------- -------
  +14-bp INDEL        rs371194629   Del       Del/Del     14    Rec                              1.69 (0.75--3.81)   0.202   
                                    Ins       Del/Ins     26                                                                 
                                              Ins/ins     15                                                                 
  +3003 T\>C          rs1707        T         T/T         50    Dom                              0.35 (0.12--0.98)   0.046   0.067
                                    C         T/C         4                                                                  
                                              C/C         1                                                                  
  +3010 C\>G          rs1710        C         C/C         23    Dom                              0.71 (0.35--1.43)   0.334   
                                    G         C/G         26                                                                 
                                              G/G         6                                                                  
  +3027 C\>A          rs17179101    C         C/C         48    Dom                              1.36 (0.46--4.04)   0.575   
                                    A         C/A         7                                                                  
  +3035 C\>T          rs17179108    C         C/C         43    Dom                              1.18 (0.49--2.83)   0.707   
                                    T         C/T         12                                                                 
  +3142 G\>C          rs1063320     G         G/G         23    Dom                              0.71 (0.35--1.43)   0.334   
                                    C         G/C         26                                                                 
                                              C/C         6                                                                  
  +3187 A\>G          rs9380142     A         A/A         31    Rec                              0.50 (0.09--2.60)   0.406   
                                    G         A/G         22                                                                 
                                              G/G         2                                                                  
  +3196 C\>G          rs1610696     C         C/C         22    Rec                              3.34 (1.16--9.59)   0.025   0.038
                                    G         C/G         22                                                                 
                                              G/G         11                                                                 

Significant associations are reported in bold (*p* \< 0.05); ^a^ Estimated with a logistic regression model adjusted for sex, age, and neo-adjuvant therapy. *HLA-G: human leukocyte antigen-G*; 3′UTR: 3′ untranslated region; SNP: Single nucleotide polymorphism; OR: Odds ratio; CI: Confidence Interval; Rec: Recessive; Dom: Dominant.
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###### 

Associations between *HLA-G* 3′UTR SNPs and G3-4 neutropenia toxicity.

  *HLA-G* 3′UTR SNP   SNP ID        Alleles   Genotypes   *n*   Most Significant Genetic Model   Bootstrap                    
  ------------------- ------------- --------- ----------- ----- -------------------------------- -------------------- ------- -------
  +14-bp INDEL        rs371194629   Del       Del/Del     13    Rec                              1.81 (0.80--4.09)    0.154   
                                    Ins       Del/Ins     25                                                                  
                                              Ins/ins     15                                                                  
  +3003 T\>C          rs1707        T         T/T         48    Dom                              0.37 (0.13--1.08)    0.068   
                                    C         T/C         4                                                                   
                                              C/C         1                                                                   
  +3010 C\>G          rs1710        C         C/C         22    Dom                              0.73 (0.36--1.48)    0.389   
                                    G         C/G         25                                                                  
                                              G/G         6                                                                   
  +3027 C\>A          rs17179101    C         C/C         46    Dom                              1.46 (0.49--4.33)    0.497   
                                    A         C/A         7                                                                   
  +3035 C\>T          rs17179108    C         C/C         41    Dom                              1.22 (0.51--2.95)    0.655   
                                    T         C/T         12                                                                  
  +3142 G\>C          rs1063320     G         G/G         22    Dom                              0.73 (0.36--1.49)    0.386   
                                    C         G/C         25                                                                  
                                              C/C         6                                                                   
  +3187 A\>G          rs9380142     A         A/A         30    Rec                              0.51 (0.10--2.67)    0.423   
                                    G         A/G         21                                                                  
                                              G/G         2                                                                   
  +3196 C\>G          rs1610696     C         C/C         21    Rec                              3.76 (1.29--10.96)   0.015   0.042
                                    G         C/G         21                                                                  
                                              G/G         11                                                                  

Significant associations are reported in bold (*p* \< 0.05); ^a^ Estimated with a logistic regression model adjusted for sex, age, and neo-adjuvant therapy. *HLA-G: human leukocyte antigen-G*; 3′UTR: 3′ untranslated region; SNP: Single nucleotide polymorphism; OR: Odds ratio; CI: Confidence Interval; Rec: Recessive; Dom: Dominant.
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###### 

Associations between *HLA-G* 3′UTR SNPs and G3-4 neurotoxicity.

  *HLA-G* 3′UTR SNP   SNP ID        Alleles   Genotypes   *n*   Most Significant Genetic Model   Bootstrap                    
  ------------------- ------------- --------- ----------- ----- -------------------------------- -------------------- ------- -------
  +14-bp INDEL        rs371194629   Del       Del/Del     2     Rec                              5.49 (1.21--24.85)   0.027   0.022
                                    Ins       Del/Ins     3                                                                   
                                              Ins/ins     5                                                                   
  +3003 T\>C          rs1707        T         T/T         10    Add                              0.00 (0.00--∞)       0.960   
  +3010 C\>G          rs1710        C         C/C         5     Dom                              0.53 (0.14--2.04)    0.357   
                                    G         C/G         4                                                                   
                                              G/G         1                                                                   
  +3027 C\>A          rs17179101    C         C/C         10    Add                              0.00 (0.00--∞)       0.970   
  +3035 C\>T          rs17179108    C         C/C         8     Add                              0.00 (0.00--∞)       0.985   
                                    T         C/T         2                                                                   
  +3142 G\>C          rs1063320     G         G/G         5     Dom                              0.53 (0.14--2.04)    0.357   
                                    C         G/C         4                                                                   
                                              C/C         1                                                                   
  +3187 A\>G          rs9380142     A         A/A         5     Add                              1.37 (0.48--3.91)    0.556   
                                    G         A/G         4                                                                   
                                              G/G         1                                                                   
  +3196 C\>G          rs1610696     C         C/C         3     Rec                              8.78 (1.50--51.44)   0.016   0.019
                                    G         C/G         3                                                                   
                                              G/G         4                                                                   

Significant associations are reported in bold (*p* \< 0.05); ^a^ Estimated with a logistic regression model adjusted for sex, age, and neo-adjuvant therapy. *HLA-G: Human leukocyte antigen-G*; 3′UTR: 3′ untranslated region; SNP: Single nucleotide polymorphism; OR: Odds ratio; CI: Confidence Interval; Rec: Recessive; Add: Additive; Dom: Dominant.
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###### 

Significant associations between *HLA-G* 3′UTR haplotypes and G3-4 toxicities.

  Toxicity Type   Haplotype   14-bp   +3003   +3010   +3027   +3035   +3142   +3187   +3196   *n*   Significant Genetic Models   Bootstrap                     
  --------------- ----------- ------- ------- ------- ------- ------- ------- ------- ------- ----- ---------------------------- --------------------- ------- -------
  Hematological   UTR-2       Ins     T       C       C       C       G       A       G             Rec                          3.46 (1.14--11.52)    0.028   0.078
                  Het                                                                         23                                                               
                  Hom                                                                         10                                                               
  Hematological   UTR-4       Del     C       G       C       C       C       A       C             Dom                          0.35 (0.12--0.98)     0.046   0.098
                  Het                                                                         4                                                                
                  Hom                                                                         1                                                                
  Neutropenia     UTR-2       Ins     T       C       C       C       G       A       G             Rec                          3.92 (1.28--12.07)    0.017   0.059
                  Het                                                                         22                                                               
                  Hom                                                                         10                                                               
  Neutropenia     UTR-6       Del     T       G       C       C       C       A       C             Dom                          4.77 (1.07--21.20)    0.040   0.058
                  Het                                                                         6                                                                
                  Hom                                                                         0                                                                
  Neurotoxicity   UTR-2       Ins     T       C       C       C       G       A       G             Rec                          11.29 (1.84--69.40)   0.009   0.019
                  Het                                                                         3                                                                
                  Hom                                                                         4                                                                

Significant associations are reported in bold (*p* \< 0.05); ^a^ Estimated with a logistic regression model adjusted for sex, age, neo-adjuvant therapy, and the oxaliplatin cumulative dose, normalized with body surface area (BSA), for neurological toxicity. *HLA-G: Human leukocyte antigen-G*; 3′UTR: 3′ Untranslated region; OR: Odds ratio; CI: Confidence interval; Het: Heterozygous; Hom: Homozygous; Rec: Recessive; Dom: Dominant.
